In this chapter, we present a new scheme for Mach-Zehnder Interferometer (MZI) structure based on only one 4 Â 4 multimode interference (MMI) coupler. We design the new MZI cell on the silicon on insulator (SOI) platform. The MZI based on directional coupler and 2 Â 2 MMI coupler is also investigated in detail. The new MZI cell is a basic building block for photonic applications such as optical quantum gate, optical computing and reconfigurable processors. The numerical simulations show that our approach has advantages of compact size, ease of fabrication with the current complementary metal oxide semiconductor (CMOS) circuitry.
Introduction
Mach-Zehnder Interferometer (MZI) structure is a versatile component for photonic integrated circuits. A variety of photonic functional devices can be realized by using the MZI such as optical filter [1] , add-drop multiplexer [2, 3] , switch [4] , modulator [5] , sensor [6] [7] [8] , tunable coupler [9, 10] , signal transforms [11] [12] [13] and optical computing [14, 15] , and so on.
In recent years, we have presented some approaches to realize optical signal processing based on MZI incorporated with microring resonators and multimode interference (MMI) coupler on a silicon on insulator (SOI) platform [16] [17] [18] [19] [20] . Silicon photonics is considered a key technology for next generation optical interconnects, optical computing, data center and communication systems due to its low power operation, compactness, scalability and compatibility with the CMOS process. The SOI platform has a large index contrast between the silicon core and the silicon oxide/air cladding, thus allowing for small bend waveguides and denser integration of photonic components. Silicon photonic devices are also being considered for wavelengthdivision multiplexing (WDM) metro and long haul network segments.
It was shown that MZI is a basic element (basic cell) for optical photonic circuits and quantum technologies [21] . In [21] , by cascading 15 MZIs with 30 thermo-optic phase shifters, a single programmable optical chip has been implemented. In [22] , the author has presented a self-aligned universal beam coupler based on MZI elements that can take an arbitrary monochromatic input beam and, automatically and without any calculations, couple it into a single-mode guide or beam. This device can be used for special optical applications such as automatic compensation for misalignment and defocusing of an input beam, coupling of complex modes or multiple beams from fibers or free space to single-mode guides, and retaining coupling to a moving source. By using recursive algorithm, any discrete finite dimensional unitary operator based on MZI elements can also be constructed [23] . In addition, it was shown that optical neural networks based on architecture of 56 MZIs with 213 thermo-optic phase shifter elements have been implemented successfully [24] . This photonic circuit has been fabricated in an SOI platform with OpSIS (University of Washington's Optoelectronic Systems Integration in Silicon) foundry. An optical neuromorphic computing on a vowel recognition dataset has been demonstrated experimentally.
Very recently, universal multiport photonic interferometers by means of arrangements of reconfigurable MZIs on SOI platform can implement any arbitrary unitary transformation between input and output optical modes [25] . These arbitrary transforms are essential to support advanced optical functions such as linear quantum optical gates and circuits, microwave photonics signal processors, spatial mode converters, data center connections and optical networking functionalities. The triangle, square arrangements of MZI elements for hardware architecture are similar to the design principles of the field programmable gate arrays (FPGAs) in electronics. The core concept is to use a large network of identical two-dimensional unit or lattice cells implemented by means of MZIs. With a proper MZI element lattice arrangement, the architecture can implement a variety of functional configurations by mapping the desired matrix to a selection of signal paths through the architecture. By introducing the phase shifter elements in two arms of the MZI, a reconfigurable architecture can be implemented.
In the literature, the MZI consists of two 3 dB 2 Â 2 directional couplers or 2 Â 2M M Ic o u p l e r s linked though two waveguide arms. It was shown that directional coupler is very sensitive to the fabrication error [16] . The power coupling ratios can be controlled by adjusting the coupling length and/or the gap between the two waveguides of the directional coupler [16] . In practice, accurate fabrication of the gap requires very tight control of the fabrication process. Moreover, additional loss due to mode conversion loss has been found to be a problem [26] . In contrast, MMI-based devices often have large fabrication tolerance, wide operation bandwidth and compact size. As a result, it is attractive to realize new functional devices based on MMIs for photonic applications.
In this chapter, we present a new MZI element architecture based on only one 4 Â 4 MMI coupler on an SOI platform. The phase shifter based on a PN junction, which use the plasma dispersion effect in silicon waveguides, is used. Our approach has advantages of compact size, ease of fabrication with the current CMOS circuit.
2. MZI cell based on directional couplers 2.1. Directional coupler type I Figure 1 shows a general configuration of an MZI element based on two-directional couplers type I. Two arms of the MZI use two phase shifters with phase shifts ϕ 1 and ϕ 2 . In our study, we use the PN junction operated in reverse bias, the depletion region is widened which lowers the overlap of the optical mode with charge carriers [5, 27] . As a result, the optical loss is low and the real part of the phase can be significantly increased compared with the forward bias. The change in index of refraction is phenomenologically described by Soref and Bennett model [28] . Here we focus on the central operating wavelength of around 1550 nm.
The change in refractive index Δn is described by:
The change in absorption Δα is described by:
where ΔN and ΔP are the free carriers concentrations of electrons and holes, respectively. 
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The directional coupler can be characterized by a matrix [29] :
where t and r are the transmission and coupling coefficients of the coupler. The transfer matrix method is used to analyze the working principle of an MZI element. The relationship matrix between the input and output fields of the MZI can be expressed as [30] .
S ¼ tj r jr t 
where t and r are optical field transmission and cross-coupling coefficients, respectively. For a 3 dB coupler, r=t=0.707 [6, 13] , the transfer matrix of the MZI is expressed by:
where Δϕ ¼ ϕ 1 À ϕ 2 is the phase shift difference between two arms.
A type I directional coupler is shown in Figure 1 . This coupler consists of two adjacent waveguides with sine shapes separated by a coupler gap g. The normalized output powers or t 2 ,r 2 at different directional coupler (DC) length for coupler gap g = 120, 140, 160, 180 and 200 nm are shown in Figure 2 . From these simulation results, we can achieve the optimal length of the directional coupler for 50:50 coupling ratio or 3 dB coupler. Figure 2 (c) shows a field propagation for a 3 dB coupler with g = 120 nm and optimal length of 5 μm.
Directional coupler type II
An MZI cell based on a type II directional coupler is shown in Figure 3 . The coupler consists of two adjacent waveguides with sine shape and rectangular shape separated by a coupler gap g. The normalized output powers or t 2 ,r 2 at different directional coupler (DC) length for coupler gap g = 120, 140, 160, 180 and 200 nm are shown in Figure 4 . From these simulation results, we can achieve the optimal length of the directional coupler for 50:50 coupling ratio or 3 dB coupler. Figure 4 (c) shows a field propagation for a 3 dB coupler with g = 120 nm and optimal length of 2μm. 
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Fabrication tolerance analysis
Without loss of generality, we consider the directional coupler type II at the gap separation g = 120 nm for fabrication tolerance analysis. The fabrication tolerance of the directional coupler type I is similar to type II. The normalized output powers at the outputs are shown in Figure 5 . We can see that a variation in length of AE100 nm results in a variation of 0.01 in normalized output powers. A change in a gap separation of AE10 nm will result in a change of 0.2 in normalized output power. As a result, the directional coupler type II is particularly sensitive to the fabrication error ( Figure 6 ).
MZI cell based on 2 Â 2 multimode interference coupler
The operation of an MMI coupler is based on the self-imaging principle or Talbot effect [31, 32] . The self-imaging shows that an input field is reproduced in single or multiple images at periodic intervals along the propagation direction of the MMI waveguide. The multimode waveguide is large enough to support a large number of modes.
There are two ways to create a 3 dB coupler based on MMI principle [20] : the first is the general interference (GI) mechanism which is independent of the modal excitation (we call MMI coupler type I in this chapter). The second is the restricted interference (RI) mechanism (MMI type II), in which excitation inputs are placed at some special positions so that certain modes are not excited. New Approach to Mach-Zehnder Interferometer (MZI) Cell Based on Silicon Waveguides for Nanophotonic Circuits http://dx.doi.org/10.5772/intechopen.76181 37
MMI coupler type I
The MZI cell based on MMI couplers type I (GI-MMI) is shown in Figure 7 . The MZI consists of two 3 dB MMI coupler. We have shown for the first time that a 3 dB GI-MMI coupler at the length of 1:5L π , where L π is the beat length of the MMI coupler, can be expressed by a matrix [16] :
where ϕ GI is a constant phase of the coupler. 
The first step is to optimize the MMI sections: we use tapered waveguides with a length of 3 μm for access waveguides in order to improve the device performance. The multimode sections need to be wide enough to achieve good performance and to be spaced apart sufficiently to limit crosstalk between the adjacent access waveguides. By using the numerical simulations, we choose the width of the MMI waveguide is 3 μm. The three-dimensional beam propagation method (3D-BPM) is used to carry out the simulations for the device having a length of 52.2 μm. The aim of this step is to find roughly the positions which result in a power splitting of 50/50, that is, a 3 dB coupler. Then, the 3D-BPM is used to perform the simulations around these positions to locate the best lengths. The normalized output powers of the 2 Â 2 GI-MMI coupler at different lengths of the couplers are plotted in Figure 8 . The field propagations at the optimal length through the 3 dB GI-MMI coupler and the MZI cell are shown in Figure 7 . MZI cell based on 3 dB MMI type I.
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Figure 7(b) and (c).
The simulations show that a variation in MMI length of AE100 nm will result in a change of 0.005 in normalized powers as shown in Figure 8(b) . Therefore, the MMI coupler has a much large fabrication tolerance compared with the directional coupler.
MMI coupler type II
The MZI cell based on MMI couplers type II (RI-MMI) is shown in Figure 9 . We have shown that a 3 dB RI-MMI coupler at the length of 0:5L π , where L π is the beat length of the MMI coupler, can be expressed by a matrix [16] :
where ϕ RI is a constant phase of the coupler. 
By using the numerical simulations, we choose the width of the MMI waveguide is 4 μm. The 3D-BPM is used to carry out the simulations for the device having a length of 33.4 μm. The normalized output powers of the 2 Â 2 RI-MMI coupler at different lengths of the couplers are plotted in Figure 10 (a). The field propagations at the optimal length through the 3 dB RI-MMI coupler and the MZI cell are shown in Figure 9 (b) and (c). The simulations show that a variation in MMI length of AE100 nm will result in a change of 0.005 in normalized powers as shown in Figure 10 (b). Figure 11 shows the new scheme of our new proposed MZI cell based on only one 4 Â 4 MMI coupler. We choose the width of the 4 Â 4 MMI coupler is 6 μm. The optimal length of the MMI is calculated by the 3D-BPM [33] . We show that the optimal length is found to be 115.8 μm. Figure 11 (b) and (c) shows the field propagation through the 4 Â 4 MMI coupler at the optimal length for input signal at port 1 and port 2, respectively. Figure 12 shows the normalized output powers at output port 1 and 4 while the input signal is at input port 1. 
MZI cell based on a 4 Â 4 MMI coupler
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By some calculations, the MZI cell based on 4 Â 4 MMI coupler can be expressed by a characterized matrix Finally, we use finite difference time difference (FDTD) method to simulate the proposed MZI cell and then make a comparison with the analytical theory. The proposed MZI cell has two feedback waveguides. Although the BPM has an advantage of fast simulations and it is widely used technique to simulate light propagation in slowly varying non-uniform guiding structures, it is not suitable for simulating the proposed MZI structure. The FDTD has a disadvantage of a time-consuming simulation, and it has very accurate results. In our FDTD simulations, we take into account the wavelength dispersion of the silicon waveguide. A light pulse of 15 fs pulse width is launched from the input to investigate the transmission characteristics of the device. The grid sizes Δx=Δy=Δz = 20 nm are chosen in our simulations for accurate simulations [34] . The FDTD simulations for the MZI cell are shown in Figure 13 . The simulations show that the device operation has a good agreement with our prediction by analytical theory.
Waveguide mesh design with new MZI cell
The new proposed MZI cell is a basic building block for mesh design to produce new functional devices for photonic applications. For example, by using the hexagonal mesh shown in Figure 13 . Optical field propagation through the coupler for input signal presented at port 2 and 3.
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Conclusions
We presented a new compact MZI cell based on silicon on insulator waveguides. The structure requires only one 4 Â 4 multimode interference coupler. The PN junction waveguide is used to achieve reconfigurable devices. The device operation has been verified by using the FDTD. This MZI cell can be useful for complex mesh designs applied to optical applications. New Approach to Mach-Zehnder Interferometer (MZI) Cell Based on Silicon Waveguides for Nanophotonic Circuits http://dx.doi.org/10.5772/intechopen.76181 43
